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Local Identification of Voltage Emergency Situations
Costas D. Vournas, Fellow, IEEE, and Thierry Van Cutsem, Fellow, IEEE
Abstract—This paper proposes a simple procedure to identify
the onset of long-term voltage instability from the time evolution
of the distribution voltages controlled by load tap changers. The
moving average of sampled measurements is computed and used to
trigger local emergency signals. The method is validated on voltage
signals obtained from time simulation of a realistic test system. The
ability to identify instability in the critical area is demonstrated in
three test cases.
Index Terms—Emergency detection, load tap changer, long-term
voltage stability, overexcitation limiter, voltage collapse.
I. INTRODUCTION
T HE two lines of defense against instability and blackoutare the assessment and maintenance of adequate security
margins against credible events, on one hand, and system pro-
tection schemes (SPS) against more severe events, on the other
hand. Under the pressure of electricity market, it is likely that
future power system operation will rely more extensively on the
second line of defense. This applies in particular to long-term
voltage instability [1], [2], which is of concern in this paper.
Any SPS against voltage instability requires a good identifi-
cation of the instability onset, in order to apply emergency con-
trols, some of which have considerable economical and social
cost, as is the case with load shedding.
It is well known that voltage level by itself is not adequate
to provide a reliable, preventive picture of system security mar-
gins. However, it is often a good indicator of a post-disturbance
emergency situation. Thus, several load-shedding schemes re-
lying on voltage measurements collected near load centers have
been demonstrated in the literature (e.g., [3]–[5]).
In some cases, however, relying solely on voltage for emer-
gency actions may not be satisfactory. For instance:
• when the load response is dominated by induction motors,
voltages may drop abruptly when overexcitation limiters
(OELs) come into play, leaving little time for SPS to act;
the same is true when a generator operating at its overex-
citation limit is prone to loss of synchronism;
• in some systems, it may be difficult to select a unique
voltage threshold, high enough for prompt reaction but low
enough to avoid reacting to harmless disturbances [5].
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This and other considerations have prompted interest into the
detection of impending voltage instability from other real-time
measurements. More precisely, schemes are sought to detect a
condition that corresponds to the system becoming unstable,
rather than observe the consequences of this instability.
In this respect, the availability of affordable phasor measure-
ment units opens exciting perspectives [6]. In some future, the
latter might allow to perform state estimation at a high rate,
whose output could be used to perform in real-time small-dis-
turbance analyses that are currently limited to offline simulation
studies [7], [8].
The fact remains, however, that SPS design will always favor
the use of local measurements, if the latter can be properly pro-
cessed. This is a matter of simplicity and hence, reliability.
Concerning long-term voltage stability in particular, this
prompted interest for voltage instability predictors aimed at
detecting at several buses a condition, in which the magnitude
of the load impedance becomes equal to that of the Thévenin
equivalent impedance seen from the bus of concern (impedance
matching condition) [9]–[11]. This approach, however, is not
free from difficulties. For instance, over the (sampled) mea-
surement time window, the operating conditions should change
(for accuracy of estimation), but not to the extent that the
assumption of a constant Thévenin impedance would become
invalid. Furthermore, when the latter changes under the effect
of OEL activations, it takes some time to reach a new estimate
from which decision can be taken. These issues need to be
addressed in order for the predictor to be applied over the time
interval that follows a severe disturbance. Many references so
far have concentrated on smooth load increase scenarios, which
can be easily monitored through state-of-the-art load power
margin computations.
This paper proposes an alternative that is free from the
above identification problems and applies to large-disturbance
scenarios. Attention is paid to the behavior of load tap changers
(LTCs). It is known for a long time that LTCs can become
unstable [12]. They are also a driving force of long-term
voltage instability, since by restoring distribution voltages after
a disturbance they indirectly restore loads, thus increasing
transmission voltage drops and drawing on reactive reserves.
When load demand exceeds the capability of the system, a
voltage instability situation results [2].
This is reflected in the distribution voltages, as illustrated in
Fig. 1, obtained from simulation of a voltage unstable case. This
plot shows the unsuccessful attempt to bring the distribution
voltage back inside the deadband (lower limit shown with dotted
line), in particular under the effect of an OEL acting near
. A simple method is proposed in the paper to detect this
situation.
The authors are aware of at least one manufacturer that has
introduced protection schemes in the LTC logic, in case unsuc-
0885-8950/$25.00 © 2008 IEEE
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Fig. 1. Typical simulated evolution of an LTC-controlled (distribution) voltage
in a long-term unstable scenario.
Fig. 2. Transformer with LTC feeding voltage-sensitive load.
cessful tap changing is detected [13]. Even though the emer-
gency detection algorithm proposed in this paper is different,
this demonstrates the feasibility and applicability of the LTC
based approach.
After a brief review in Section II of the instability caused by
LTCs, the proposed procedure is described in Section III. Simu-
lations of a small but realistic system are reported in Section IV,
while a concluding discussion is offered in Section V.
II. VOLTAGE INSTABILITY MECHANISM AND LTC
A. Modelling and Stability of Multi-LTC Systems
We consider in this section a power system whose long-term
dynamics stem essentially from LTCs of bulk power delivery
transformers. As shown in Fig. 2, the variable ratio is con-
sidered to be on the primary (transmission) side and the LTC is
controlling the secondary (distribution) voltage . Load is con-
sidered voltage dependent. Short-term dynamics are assumed
to be stable, as only long-term voltage stability issues are ad-
dressed.
Let be the number of LTC-controlled loads. The LTC
mechanisms are discrete with a voltage deadband. Thus at
every period of operation the th transformer ratio changes
according to the difference equation
(1)
if
if
if
(2)
where and are the lower and upper deadband limits.
The long-term stability of the system is linked to the Jacobian
of secondary voltages with respect to tap ratios
(3)
To facilitate the analysis, at this point we assume that all LTCs
have the same tap step and period of operation, i.e.,
(4)
The general case of different tap step and time delay for each
LTC can be handled by multiplying the sensitivity matrix with
an appropriate diagonal matrix [14]. The application study re-
ported in this paper includes a different time delay (period) for
each LTC to show that this does not influence the validity of the
results.
The vector of secondary voltage changes at each step under
the above assumptions is given approximately by the linearized
expression
(5)
where is the vector of tap ratio changes.
Stability of this linearized discrete system is guaranteed if all
voltage errors outside the deadband decrease at each step. A nec-
essary condition to achieve this correction is that the diagonal el-
ements of are negative, so that each tap change performed
according to (2) will decrease the error at the corresponding bus.
However, this condition is not sufficient for stability because the
other taps may counteract this error correction. If, however, ma-
trix is diagonally dominant with negative diagonal elements,
the error correction achieved by the diagonal term cannot be
counteracted whatever the direction of movement of the other
taps. We thus obtain the following sufficient stability condition,
originally derived in [15] (see also [16])
(6)
In the voltage stability literature, the discrete LTCs are some-
times modelled using continuous dynamics with (2) replaced by
(7)
where is the voltage setpoint and the time constant of
the -th LTC. This continuous system representation is particu-
larly appropriate for LTCs with inverse time delay characteristic
[17]. Note that the equilibrium of (7) corresponds to the equi-
librium of long-term dynamics, which implies restoration of not
only secondary voltages, but also load real and reactive powers
(which depend on ).
Linearizing (7) and making use of (3) we get for all LTCs
(8)
which is the state space representation in the case of continuous
LTC dynamics. In the sequel we will call the long-term state
matrix regardless of whether we refer to the continuous, or the
discrete representation of LTCs. In (8) the same time constant
has been considered for all LTCs.
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Note that (6) is also a sufficient stability condition for the
continuous system (8), according to Gershgorin’s theorem [18].
This theorem states that all eigenvalues lie inside disks with cen-
ters given by the values of diagonal elements of and radii
equal to the sum of the absolute values of the non-diagonal el-
ements of the corresponding row (or column). Thus, when (6)
holds, there can be no zero or positive real eigenvalue.
On the other hand, it is well known that the stability limit of
the continuous system (8) is met when the determinant of be-
comes zero (saddle-node bifurcation condition). As shown in [2]
and [8] this condition is satisfied at the so-called critical point,
where the bifurcation surface in load power space is encoun-
tered during an unstable scenario.
According to the foregoing discussion, before the unstable
trajectory reaches the bifurcation surface, condition (6) has to
be violated for at least one LTC. Thus the violation of this con-
dition is a precursor to hitting the maximum loadability, as it is
also a precursor to instability for both continuous and discrete
system representations of LTCs. Being a precursor to the exact
instability condition yields interesting prediction capability to
this condition for practical applications.
B. Instability Detection Along a Trajectory
Let us now return to the discrete representation of LTCs
(1)–(2) and assume that after a severe disturbance all voltages
(at least in the area of interest) are below deadband. As a con-
sequence, each LTC will react in every period by decreasing
its ratio by the amount . Under these conditions, the change
made to voltage at step is given by
(9)
The similarity between the expression in brackets and the suf-
ficient stability condition (6) suggests that the change in con-
trolled voltage could be used to monitor stability. However, be-
fore proceeding we should examine the sign of sensitivities, in
order to remove the absolute value from (6).
The sign of an off-diagonal sensitivity can be indirectly
assessed, if we assume that all loads are noncapacitive. In such
cases the increase in the load consumed at bus brought about
by a decrease of ratio will result in a decrease of transmission
voltages. If all other taps remain constant, this will have the
result to decrease the secondary voltages of all LTCs. Thus we
have
(10)
Summarizing the above discussion, when:
a) all controlled voltages are below deadband
b) conditions (10) hold
c) no other events than LTC actions occur
the sufficient stability condition (6) becomes
(11)
which suggests that, after a large disturbance, instability can
be simply detected locally by monitoring an LTC-controlled
voltage. Let us recall that violation of (6) detected through (11)
is also a necessary condition for matrix to become singular,
thus instability is detected in advance, before the bifurcation sur-
face is encountered.
Remark: For the sake of completeness, we briefly comment
on the sign of the diagonal elements . From the previously
mentioned Gershgorin’s theorem, it is clear that the system is
unstable if at least one diagonal element is positive. In other
words, the diagonal elements must all be negative for sta-
bility. This is the case in normal loading conditions. A term
becoming zero means that, all ratios except the th one being
constant, the controlled voltage goes through a maximum.
Assuming that load power increases with voltage, maximizing
results also in maximum power consumption at the th bus
[14]. Note that this condition is more stringent than (11).
III. LOCAL IDENTIFIER OF VOLTAGE EMERGENCY SITUATIONS
A. Principle of Operation
The Local Identifier of Voltage Emergency Situations
(LIVES) is based upon the detection of secondary (controlled)
voltages going through a maximum during the post-disturbance
evolution. It could be easily incorporated into the control logic
of LTCs and uses only information available in the LTC, namely
secondary voltage, deadband limits and time delays between
tap changes.
Two procedures will be described. The first one is a direct
application of (11). It is used for comparison with the previous
theoretical analysis, without considering application issues in
an actual system. The second and readily applicable algorithm
is based upon a moving-average filter.
In either case, LIVES logic is very simple. To initiate the
detection, the LTC must be active (i.e., neither limited nor
blocked), and the controlled voltage must be below its lower
deadband limit. The latter is checked the first time it remains
below the deadband after a tap change.
As a consequence, LIVES is reset each time the secondary
voltage is restored within the deadband and becomes inactive
after the LTC has exhausted its tap ratio range. The algorithms
for implementing LIVES will be described for each of the two
implementation procedures below.
B. Direct Voltage Comparison (Theoretical Procedure)
This first LIVES variant is based on the assumption of direct
and accurate measurement of as defined in (5). Of course,
assumption (4) cannot be guaranteed in practice, but as will be
seen in the application section of this paper, different delays (as
long as they are of the same order) do not hinder the emergency
detection process.
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In this algorithm the secondary voltage values relative to suc-
cessive tap changes are compared through
(12)
If all LTCs have (approximately) the same time delay and no
other event with the effect of lowering system voltages has oc-
curred, a secondary voltage drop after one period of LTC op-
eration means that the sum of the corresponding row of the
long-term state matrix has crossed zero and thus the suffi-
cient stability condition is violated.
However, in a real system other events (such as generator
switching under reactive limit) may result in a voltage drop be-
tween two tap changes that is not due to the action of other LTCs.
Thus an additional delay for instability detection is necessary to
ascertain that voltage is dropping.
To this purpose, one can specify that must be negative
for two successive values of to detect emergency conditions.
The overall delay for instability detection is in the time frame of
two successive periods of LTC operation (roughly around 20 s),
which is considered acceptable for emergency control against
long-term voltage instability.
The algorithm executed after each tap change of the th LTC
is summarized in the following pseudo-code:
i i
; r
; r i;
i r
r i;
Clearly the algorithm ends either by issuing an alarm or by
the end of detection when voltage returns in the deadband. Of
course it remains possible that events cause two successive
voltage drops within two periods of LTC operation. It could be
argued, however, that in such a situation the system would be
so weakened by these events to justify an emergency action.
Nevertheless, there remains a slight risk of false alarm, if mul-
tiple events produce successive voltage depressions (violation
of condition c in Section II-B), while the system is still stable.
A second problem stems from the fact that measured values
of are affected by system transients and measurement inac-
curacies. A filtering scheme is thus needed as described below.
C. Detection Based on Moving Average (Practical Procedure)
In this version of LIVES, the moving average of the sec-
ondary voltage in each LTC is used for emergency detection,
instead of its actual measurements collected at specific time in-
stants. The moving average at a time is given by
(13)
where is the sampling period of the measurement and is
the number of samples over which the moving average is calcu-
lated. Note that the average is updated at each sampling instant
.
The averaging period for our application is taken equal to the
corresponding LTC time delay . This is done to ensure that one
and only one tap change of the LTC controlling the measured
voltage is included in the average (provided of course that the
LTC is active). If the averaging period is taken smaller than ,
there will be some averaging intervals that will not contain any
operation of the th LTC, whereas if the average is taken over a
time greater than there will be intervals with two tap changes
and others with only one. Thus, the averaging will not have the
smoothing effect intended and will not approximate correctly
the general trend of .
Note that the averaging period is thus different for each mea-
sured voltage. The number of samples for each average is given
by .
The averaging helps to filter out fast transients (caused for
instance by electromechanical oscillations) and measurement
noise. It is also used as an indirect record of the period just prior
to a tap change. Thus, using the moving average the emergency
detection process implicitly includes the information of voltage
evolution of the period before LTC tap changing. As a result,
just one period of LTC operation is enough to detect an emer-
gency.
In the ideal case where only LTCs are acting and all time
delays are equal, the moving average immediately after a tap
change occurring at will vary by the following amount,
which is found by directly substituting the moving average from
(13) and making the obvious cancellation of terms except the
first and last ones
(14)
with as defined in (12). Thus the sufficient stability con-
dition (11) is equivalent to an increasing moving average after
a tap change
(15)
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Furthermore, the moving average value at the time of the
th tap change is taken as a reference for monitoring the sub-
sequent evolution of the moving average over the time interval
. This reference is denoted as
(16)
The term is introduced for added security purposes, i.e.,
to benefit from a longer observation period, allowing time for
voltage recovery in a marginally stable case. The added delay
(typically a couple of seconds) is not critical for long-term in-
stability detection.
More precisely, the detector timer starts to count at
and:
• if at a time the average voltage increases
above , the counter is immediately reset; the process
will repeat itself after the next tap change;
• if the voltage average remains below for
a time equal to the period of LTC operation, plus an
optional added delay , an emergency signal is issued.
As shown above, this detection process is similar in prin-
ciple to that of comparing the successive post-taping voltages,
but without the dangers associated with comparing two isolated
measurements.
IV. SIMULATION RESULTS
A. Test System
The so-called Nordic32 test system detailed in [19] has been
used to check the proposed method. The system includes 52
EHV and HV buses, 19 generators and one synchronous con-
denser, as shown in Fig. 3.
Voltage magnitude signals have been obtained from detailed
time simulations using the SIMULINK library described in [20].
The short-term dynamics includes 5th- and 6th-order models of
synchronous machines, together with AVR, prime mover and
speed governor models. The long-term dynamics are driven by
the 22 LTCs on transformers feeding respective MV distribution
buses, as well as by OELs on the generators. The latter are of the
takeover type [2], and act after various overexcitation periods.
MV bus numbers are not shown in Fig. 3 to preserve clarity.
These buses are named with the “MV-” prefix in the text. For in-
stance “MV-1041” is the MV bus behind the distribution trans-
former connected to HV bus 1041. An exponential model is used
to represent the load dependency on voltage, at MV buses, with
exponent 1 (constant current) for active power and 2 (constant
admittance) for reactive power. Since the tap changes are used
for instability detection, care was taken in the simulation that
the LTCs are not synchronized, so as to have a more realistic
situation. This was achieved by using different values for the
first and subsequent tap-change delays of each LTC. The LTC
parameters used in the simulation are summarized in Table III
of the Appendix.
B. Case Studies
In the above system we first consider a stressed operating
condition (Case 1), for which the single trip of line 4032–4044
at time initiates a voltage collapse in the Central area of
the system (see Fig. 3), as seen in Fig. 4, which shows voltages
Fig. 3. Nordic32 test system.
Fig. 4. Case 1: evolution of voltages at HV buses.
at HV buses in the affected area. Voltages oscillate under the
effect of rotor swings and eventually plunge due to a loss of
synchronism of the field-current-limited generator g6.
Table I shows the sequence of events. The first column gives
simulation times, the second column the activation of OELs, and
the third one the tapping of LTCs. Successive tap changes of the
same LTC are marked by letters a, b, etc. (the other information
in this table will be referred to in the sequel). As seen in this
table, 30 s after the disturbance all LTCs in the affected Central
area of the system start operating. Most controlled voltages in
the area remain below their deadbands.
Further tests have been performed to check the ability of
LIVES to provide a warning in less pronounced instability
cases, as well as to avoid false alarms in marginally stable
voltage situations. Two other cases are shown in this paper,
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TABLE I
SEQUENCE OF EVENTS IN CASE 1
which were obtained by modifying the initial loading condition,
so that the examined contingency (which is the most severe)
will result in marginal stability or instability.
In Case 2, the load in the Central area was decreased by 240
MW/80 Mvar. The system is still unstable, but the instability
takes a long time to manifest itself as shown in Fig. 5.
In Case 3, a further pre-disturbance load decrease of 30
MW/10 Mvar was considered. The response to the same dis-
turbance is shown in Fig. 6. Even though the system takes
Fig. 5. Case 2: evolution of voltage at HV buses.
Fig. 6. Case 3: evolution of voltage at HV buses.
a long time to settle down, the LTCs are able to return their
corresponding controlled voltages within the deadbands, so
that a stable steady state is reached.
The summary of events during simulation of cases 2 and 3 is
given in Table II. The difference between these two cases is the
successive limitations of generators g15, g16, and g12, which
do not take place in Case 3.
C. Case 1: Detection by Direct Voltage Comparison
We consider in this section the criterion of two direct post-
tap-change voltage comparisons.
In Table I, a positive sign after the tapping indication
means that is positive, a negative sign that it is neg-
ative. The first bus where emergency is detected is 1041 at
, as shown in the fourth column of Table I. In the next few
seconds, emergency detection signals are also issued at other six
buses (1045, 4042, 1043, 4047, 4046, and 1044). The voltages
at buses MV-1042 and MV-4051 re-enter their deadbands for
a while, thereby resetting the instability detection process, but
subsequently leave them again, and the emergency is detected
at these two buses shortly before the collapse (at and
94.6 s, respectively).
All LTCs in the South and North areas are able to keep
their voltages within the deadband, so the emergency detection
process in these areas never starts, or is immediately reset after
the first successful tap change.
In Fig. 7 the voltage of bus MV-1041 is shown near the time of
instability detection. The stars indicate the voltage values used
to compute . It should be noted in this figure that the emer-
gency detection is brought about by the field current limitation
of g14 and g7 that take place in two successive periods of tap
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TABLE II
SEQUENCE OF EVENTS IN CASES 2 AND 3
Fig. 7. Voltage at bus MV-1041 and ratio of controlling transformer.
operation. This should not be considered a mis-operation, as the
cascaded limitation of generating units is also a major factor pre-
cipitating voltage collapse.
D. Case 1: Detection Based on Moving Average
The tests reported in the remaining of the paper have been per-
formed with measurement noise added to each voltage obtained
from time simulation. The random noise is uniformly distributed
in the pu interval (in the sequel, we refer to
this simulated voltage measurement as “voltage measurement,”
for the sake of simplicity).
The procedure of Section III-C has been applied, with a sam-
pling period used to simulate the measurement
system and compute each moving average. The latter is com-
puted over a time window equal to the delay between two suc-
cessive tap changes. Let us recall that the averaging is performed
continuously, but the detection process starts after the LTC has
acted for the first time. The emergency detection signals issued
Fig. 8. Voltage measurement, moving average, and ratio at bus MV-1041.
at each bus are shown in the last column of Table I. The optional
additional time delay is not considered in this table.
The noisy measurement signal, its moving average, the ref-
erence voltage of (16) and the transformer ratio are shown in
Fig. 8 for bus MV-1041. The detection process starts after the
first tap at time . As seen in Fig. 8, the moving average
is increasing immediately after this point, thus the counter for
emergency detection is reset until the next tap change, which
occurs at . After this point, the average drops contin-
uously for the full LTC time delay of 12s, and thus the emer-
gency detection signal is issued at . In this partic-
ular case, this is identical to the detection time based on direct
post-tap-change voltage comparison. Note that the overall de-
cline of the average was present even without the g7 limitation
occurring at .
As seen in Table I, at all buses the emergency detection was
performed either at the same time, or faster, when using the
moving average method. The improved anticipation capability
is noticeable at buses MV-1044, MV-4047 and MV-4051. This
is because the moving average method requires a time delay of
only one LTC period, since it implicitly compares also with the
previous values stored in the moving average, as discussed in
Section III-C. For instance, in the case of bus MV-1044, shown
in Fig. 9, the overexcitation limitation of generator g14 (at
) takes place just before the second tap change (at )
and causes the post-tap-change voltage to be low. As a result,
the voltage is higher after the third tap change (at ) than
after the second one, and the condition of two successive post-
tap-change voltage reductions is not met before (see
Table I). The moving average, on the other hand, shows a clear
decline after the tap change at ; therefore, emergency is
detected at .
Another interesting case is that of bus MV-4041, shown in
Fig. 10. This is a boundary bus, connecting the affected Cen-
tral area to the South and North parts of the system, which are
little affected by the voltage instability. This bus is next to a syn-
chronous condenser that keeps controlling voltage throughout
the simulation. In fact the voltage control of this bus is stable,
since as seen in Table I the LTC is able to bring the secondary
voltage inside its deadband after four tap changes. Observing
Fig. 10 it is seen that the moving average voltage starts de-
creasing after due to the limitation of a nearby gen-
erator, but the trend reverses some time after the second tap
1246 IEEE TRANSACTIONS ON POWER SYSTEMS, VOL. 23, NO. 3, AUGUST 2008
Fig. 9. Voltage measurement, moving average, and ratio at bus MV-1044.
Fig. 10. Voltage measurement, moving average, and ratio at bus MV-4041.
change. When the moving average signal crosses its reference
at , the detection process is reset.
This example shows that the emergency detection based on
the moving average is able to discriminate successfully between
stable and unstable LTCs and thus avoid a false alarm.
Another marginal case is that of bus 4042 (see Fig. 11). This
bus is on the border between North and Central areas, but as
generator g14 connected to this bus gets limited at ,
it participates in the instability. As seen in Fig. 11, the average
voltage never recovers above the value (reference after the
second tap change) and therefore an alarm is issued at .
Even though the average voltage settles for a few seconds at
0.94 pu, it eventually plunges down as the system collapses (see
Fig. 4). In any case, while the LTC is within its control range, the
controlled voltage should recover and not stay at values below
deadband.
The above examples demonstrate the ability of the proposed
procedure to detect promptly and securely imminent voltage in-
stability and also to identify accurately the load buses where
instability is evolving.
E. Analysis of Case 2 (Marginally Unstable)
As shown in Table II, in Case 2 LIVES started detecting emer-
gency conditions roughly one minute after the series of gener-
ator limitations and more than one minute before the final col-
lapse.
One of the difficulties encountered in Case 2 was that some
taps reached the lower limit (88%) of their control range. This,
however, did not prevent the emergency detection process to
Fig. 11. Voltage measurement, moving average, and ratio at bus MV-4042.
Fig. 12. Voltage measurement and moving average at bus MV-1041.
Fig. 13. Voltage measurement and moving average at bus MV-1044.
produce a clear emergency alarm. For instance, at bus MV-1041
the LTC limit was reached with the tap movement made at
. After this the moving average signal remains below ,
as shown in Fig. 12, and thus an emergency detection signal is
issued after the time interval , at .
The most difficult detection was at bus MV-1044. As seen
in Fig. 13, the tap change at (close to the time of
collapse) only marginally failed to restore the moving average
of measured voltage and thus an emergency detection alarm was
issued 10 s later, i.e., at .
The detection occurred even later at bus 1042 (at ,
roughly 10 s before the collapse), but detection was slow at this
bus even in the severe instability case, due to the fact that its
voltage is supported by generator g6 which is the last one to
switch under field current limit and the first one to lose syn-
chronism after the limit is enforced.
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Fig. 14. Voltage measurement and moving average at bus MV-4046.
Fig. 15. Voltage measurement, moving average, and ratio at bus MV-1041.
A last interesting case is shown in Fig. 14 for bus MV-4046,
where the detection counter was reset three times before finally
giving the emergency detection signal at .
As seen, even in this marginal case the procedure was able
to detect emergency conditions in time for emergency control,
at all ten affected buses. Again, no false alarm was given at the
boundary stable bus MV-4041, or at any other bus.
F. Analysis of Case 3 (Marginally Stable)
In the marginally stable situation of Case 3, the LTCs are able
to bring back their corresponding voltages within the deadband,
and hence the emergency detection process is reset without is-
suing any alarm. This is shown in Fig. 15, where the simulated
secondary voltage and its moving average are plotted for the
LTC of bus 1041, which has the lowest primary (HV) voltage
for the contingency of concern. As seen in the figure, the LTC
acts five times, and each action restores the MV voltage within
the deadband. Thus the emergency detection counter is never
even initiated.
This case illustrates that LIVES is unlikely to yield a false
alarm even in a marginally stable situation. This is a promising
result concerning the selectivity of the proposed indicator.
V. DISCUSSION AND CONCLUSION
This paper presented a simple and effective design of a local
voltage emergency identifier based on monitoring the controlled
distribution voltage of LTC transformers.
TABLE III
LTC DATA OF NORDIC32 SYSTEM
Detailed simulation results in a small but realistic power
system have shown that the proposed detection process was
able to signal out a voltage emergency situation for all affected
buses in two unstable cases, without yielding a false alarm
for unaffected buses. Also, no false alarm was issued in a
marginally stable case.
The above results encourage the use of the LIVES method to
provide a triggering signal for load-shedding system protection
schemes. Load could be shed either locally from the bus where
an emergency alarm is issued, or in a coordinated manner, e.g.,
in conjunction with an under voltage load shedding (UVLS)
system. One point in favor of shedding load from a bus where
LIVES has detected an emergency is that at this bus load cannot
be restored anyway, as the distribution voltage remains below
deadband, whereas a load shedding action will immediately re-
store voltage and thus the remaining load demand.
In fact, a most promising application of LIVES could be its
use as a complement to existing or under design UVLS schemes.
For instance, LIVES can export, together with the emergency
detection signal, the transmission side voltage and the exact time
of detection using some synchronized time measurement. This
information can then be taken into account for the automated
online tuning of the UVLS scheme.
Concerning the timing of alarm issuing, for the system con-
sidered (e.g., Case 2) the undervoltage condition would most
probably be detected at bus 1041 sooner than the LIVES alarm.
However, as all other HV buses remain above 0.9 pu for a long
time, it would be quite difficult to take a load shedding decision
without the positive emergency detection provided by LIVES.
Again the complementarity with UVLS is evident.
Further research is definitely necessary to integrate LIVES in
an actual SPS. However, the initial results reported in this paper
are certainly encouraging.
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APPENDIX
LTC DATA OF TEST SYSTEM
All transformers feeding loads are equipped with LTCs and
their ratios may vary between 0.88 and 1.20 by steps of 0.01
pu/pu, thus yielding 33 tap positions. All LTC voltage setpoints
are set to 1.00 pu, with a deadband of 0.02 pu.
Table III provides the individual tapping delays and initial ratios
(in Case 1). Let us recall that the latter are decreased to increase
distribution voltages, according to (2).
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